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The location of a stimulus in the visual field affects its perceived duration. 
For example, when participants classify stimuli presented 3, 6, and 9 degrees 
away from fixation along the horizontal meridian relative to a Standard stimulus 
presented at fixation, the Comparison stimuli seem shorter the greater the 
stimulus eccentricity (Kliegl & Huckauf, 2014). 
In Experiment 1, we extended Kliegl and Huckauf’s study by using an 
eye-tracker to ensure that the horizontal eccentricity effect was not due to 
saccadic suppression. We also included Standard stimulus durations of 170 and 
210 ms, in addition to the 120 ms stimulus used by Kliegl and Huckauf (2014), to 
examine whether the eccentricity effect manifests as a proportion of the duration 
being timed (i.e., a multiplicative effect) or as a constant absolute amount (i.e., an 
additive effect). In Experiment 2, we presented stimuli along the vertical meridian 
using the same set of eccentricities and standard durations. 
In Experiment 1, comparison stimuli were classified as shorter with 
increasing eccentricity for the 120 ms condition, but there were no statistically 
significant effects of horizontal eccentricity for the 170 ms condition. For the 210 
ms condition, stimuli presented at 9 degrees were classified as shorter than those 
presented at 6 degrees, but there were no other statistically significant effects of 
eccentricity. Similarly, in Experiment 2, comparison stimuli were classified as 
shorter with increasing eccentricity for the 120 ms condition, but results were 
mixed for the other two conditions. Specifically, for the 170 ms condition, stimuli 
presented at 6 and 9 degrees were classified as shorter than those presented at 3 
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degrees, but there was no classification difference between 6 and 9 degrees of 
eccentricity. For the 210 ms condition there were no statistically significant 
effects of vertical eccentricity. 
Taken together, the results indicate that the location of a stimulus along 
both the horizontal and vertical meridians affects the perceived duration of the 
stimulus, but this effect is constrained by the stimulus duration used. These results 
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Although there is no specialized biological receptor for the perception of 
time, it is inherent in many daily activities such as driving a car, listening to music, 
or playing sports. Moreover, subjective time can be affected by a multitude of 
non-temporal factors such as one’s emotional state (Droit-Volet and Meck, 2007; 
Droit-Volet, Fayolle and Gil, 2011), attentional and cognitive workload (Brown, 
1997; Seifried and Ulrich, 2001; Brown, 2002; Hemmes, Brown and Kladopoulos, 
2004), stimulus predictability (Ulrich, Nitschke and Rammsayer, 2006), and 
physical characteristics such as size (Ono and Kawahara, 2007; Xuan, Zhang, He 
and Chen, 2007) and visibility (Terao, Watanabe, Yagi and Nishida, 2008). In 
addition, there is a growing body of literature demonstrating an intricate link 
between space and time (e.g., Walsh, 2003; Burr and Morrone, 2006; Casasanto 
and Boroditsky, 2008).  
Some of the first psychophysical evidence suggesting a link between 
mental representations of space and time came from spatial perceptual phenomena. 
Amongst these, the two effects that best exemplify the connection are the Tau 
effect (Helson and King, 1931) and the Kappa effect (Cohen, Hansel and 
Sylvester, 1953). To demonstrate the dependence of space upon time and vice 
versa, three stimuli were presented to the participants in succession with a 
variable spatiotemporal interval. When stimulus onset asynchrony (SOA) was 
varied, but the distances between stimuli were kept constant, participants tended 
to judge the distance between two stimuli as shorter when the SOA between the 
stimuli was shorter (Tau effect). On the other hand, when the SOA remained 
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constant and the distances between stimuli were varied, participants tended to 
judge stimuli with shorter distances between them as having shorter SOAs (Kappa 
effect). 
Neuropsychological evidence demonstrating relationships between space 
and time has existed since the early half of the twentieth century. Critchley (1953) 
noted that patients with parietal lesions often exhibited deficits in perception, 
conceptions and manipulations of space. In addition to spatial abnormalities, 
Critchley (1953) also observed that these patients often have accompanying 
deficits in temporal processing with pure spatial or temporal disorders being rare, 
implying interdependence between spatial and temporal processing. The 
association between space and time was further elucidated in Walsh’s (2003) A 
Theory of Magnitude (ATOM) model. This model posits a common cognitive 
basis for processing and representation of space, time and quantity with each 
dimension affecting the others. Since then, emerging evidence (Alexander, Cowey 
and Walsh, 2005; Assmus, Marshall, Noth, Zilles and Fink, 2005; Bueti and 
Walsh, 2009; Fabbri, Cancellieri and Natale, 2012) has provided some support for 
the ATOM model.  
Taken together, available research suggests that space and time are 
intertwined dimensions that influence each other’s processing. Spatial perception 
generally requires vision. As such, visual factors that affect the perception of 




Investigating Space-time Interactions through Visuospatial Perception 
 Vision is a process that demonstrates continuity in both space and time. 
Hence, manipulations of visual processing are particularly suited for investigating 
the interdependence between space and time.  
Eye movements and space-time interactions.  
Daily, we are bombarded by stimuli that require us to reorient the fovea, 
the retinal area of highest acuity, to perceive them. Foveal reorientation helps to 
update our visual space and is achieved by ballistic eye movements called 
saccades. Visual space compression has been shown to occur with saccades (Ross, 
Morrone and Burr, 1997). Ross et al. (1997) asked participants to make large 
horizontal saccades while green vertical bars were flashed at various screen 
locations and to then report the stimulus position relative to a ruler on the screen. 
Misjudgment of reported stimulus location in the direction of the saccade was first 
observed 50 ms prior to saccade onset, with the magnitude of the misjudgment 
peaking at around 25 ms before saccade onset. In order to demonstrate a stronger 
compression of visual space, Ross et al. (1997) also presented four horizontal bars 
within a 20 degrees region and asked participants to report the number of bars 
seen. When bars were presented 25 ms prior to or after saccade onset, participants 
usually reported seeing only one bar regardless of the number of bars displayed. 
In a related effect,  brief images of natural scenes appeared deformed when 
presented 25 ms prior to or after saccade onset. Hence, the evidence supports 
visual space compression during saccades. 
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Besides a compression in space, several studies demonstrated that 
saccades distort the perceived duration of stimuli presented immediately after the 
saccades (Yarrow, Haggard, Heal, Brown and Rothwell, 2001; Yarrow, Haggard 
and Rothwell, 2004; Morrone, Ross and Burr, 2005). Yarrow et al. (2001) found 
that when the onset of a timing stimulus occurred during a saccade the stimulus 
seemed longer as compared to a control condition in which the stimulus was 
presented in the absence of a saccade. Moreover, the overestimation was larger 
with larger saccade amplitude/longer saccade duration. Yarrow et al. (2001) 
interpreted the overestimation, termed saccadic chronostasis, as the result of the 
perceptual system extending the timing stimulus duration backward in time to just 
before the saccade onset. 
Morrone et al. (2005) demonstrated that saccades compress space and 
shorten perception of time. In their study, participants initially saw two horizontal 
green bars separated by 100 ms and had to initiate a large horizontal saccade of 15 
degrees within 0 to 350 ms after the second horizontal bar presentation. Two 
seconds later participants saw another green bar pair, but here the delay between 
bars ranged from 8 to 200 ms. Participants indicated whether the empty time 
interval of the first or second pair of green bars was longer. When participants 
completed the saccade within 0 to 50 ms of the second horizontal bar, the 
perceived delay between bars was 50ms instead of 100 ms. In addition, when 
participants were asked to judge the temporal order of a pair of green bars in 
conjunction with making a saccade after the second bar, they tended to reverse the 
temporal order of the bars when the ISI was less than 75 ms. Hence, Morrone et al. 
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(2005) provided strong evidence of the effect of saccades on time perception. In 
line with the findings from Morrone et al. (2005), Suzuki and Yamazaki (2010) 
also reported a compression of time and space during the production of saccades.  
In summary, studies of the relationship between eye movements and time 
perception demonstrate that, depending on the experimental design, saccades 
cause both compression and lengthening of perceived time. In addition, 
compression of time was postulated to be associated with compression of space 
that occurred during production of saccades. 
Spatial vision and space-time interactions.  
As mentioned earlier, saccades led to a compression in space and affected 
perceived time. This conclusion reinforced findings reviewed earlier that 
demonstrated the interdependence of space and time and also implied that any 
changes in the visual field or space could possibly cause time distortion. Visual 
perception relies on images, which are encoded as light variations, projected onto 
the retina and then decoded by the visual cortex into three-dimensional 
representations. The mammalian retina is a rather complex structure, which 
consists of diversified neuronal cells distributed non-uniformly across the retina 
(Westheimer, 1984; Masland, 2001). This non-uniform distribution affects the 
spatial resolution, and possibly perceived time, when stimuli are presented on 
different areas of the retina. Before examining possible impacts of the 
heterogeneous nature of the retina on time perception, it is first critical to delve 
into the specifics of retinal anatomy. 
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The retina comprises two sections: the fovea and the periphery. The fovea 
spans about 2
o
 from fixation and is the region of highest acuity (Palmer, 1999). 
From the center of the fovea to around 0.33
o
 retinal eccentricity, only cones are 
present and as retinal eccentricity increases further, the density of cones decreases 
whereas density of rods increases (DeValois and DeValois, 1988; Curcio, Sloan, 
Kalina and Hendrickson, 1990). In addition to photoreceptor differences, there are 
also differences in the distribution of ganglion cell types. Using monkey retina, 
Shapley and Perry (1986) reported cells that project exclusively to the 
parvocellular layers of the lateral geniculate nucleus (LGN), which they named P 
ganglion cells, and cells that project only to the magnocellular layers of the LGN, 
which they named M ganglion cells. Information from the cones mostly projects 
to the parvocellular layers of the LGN whereas information from the rods mostly 
projects to the magnocellular layers of the LGN (Palmer, 1999). As such, higher 
proportions of P cells and M cells are found in the fovea and periphery, 
respectively. This asymmetric distribution of photoreceptors and ganglion cell 
types has critical implications for our spatial vision and perceived time. 
The Kappa effect (aforementioned) was amongst the earliest evidence 
demonstrating how changes in visual space can modulate perceived time. It 
showed that greater perceived spatial distance would result in longer perceived 
duration. Subsequently, contradictory results were obtained as more studies 
emerged in an attempt to elucidate the relationship between visuospatial 
perception and perceived time. Westheimer (1983) asked participants to judge the 
sequence of appearance of a pair of stimuli that varied in visual field location; he 
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found no significant difference of temporal order detection between stimuli 
presented at a range of 2.5 to 20 degrees retinal eccentricity. Even so, an effect of 
visual field location on temporal order detection was observed for foveal and 
perifoveal (2.5 degrees) stimuli. Guay and Grondin (2001) asked participants to 
engage in a temporal categorization task by judging whether the time interval 
between two visual flashes, presented along the vertical meridian, was shorter or 
longer than a reference duration of either 160 or 320 ms. In contrast to the Kappa 
effect, they found that greater visual space led to shorter, instead of longer, 
durations. In an effort to reconcile the mixed findings, Roussel, Grondin and 
Killeen (2009) carried out two experiments to examine how spatial vision can 
affect temporal processing. In Experiment 1, they asked participants to engage in 
a temporal categorization task similar to Guay and Grondin (2001). However, 
instead of manipulating spatial distance by having visual flashes presented at 
different heights, in Roussel et al., (2009) the spatial distance between the two 
flashes could vary in both depth and height. A significant interaction between 
height of visual flashes, the visual field where flashes were presented (i.e., upper 
or lower) and the sequence of signal presentation (i.e., going farther or coming 
closer to the participants) was obtained. Greater spatial distance led to longer 
perceived duration only in the lower part of the visual field and when the signal 
sequence was coming closer to the participant. In Experiment 2, Roussel et al., 
(2009) manipulated the point of fixation such that it was at a higher, middle or 
lower location and presented stimuli in either the upper or lower visual field. 
When stimuli were presented in the lower visual field, manipulating the point of 
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fixation did not affect the perceived duration. However, when stimuli were 
presented in the upper visual field, Roussel et al. (2009) found longer perceived 
duration with higher fixation point and shorter perceived duration with middle 
and lower fixation point. 
Most studies, with the exception of Westheimer (1983), showed that the 
visual field of stimulus presentation could affect time perception. However, the 
findings from Westheimer (1983) do not contradict the other timing studies. 
Westheimer (1983) asked participants to engage in a temporal order detection task 
whereas a temporal categorization task was used in both Guay and Grondin (2001) 
and Roussel et al. (2009). In addition, the phenomena described in Westheimer 
(1983) could be driven by differences in movement sensitivity across the retina 
and do not necessarily indicate the absence of an effect of the visuospatial 
location of stimuli on temporal processing. In fact, these mixed findings further 
exemplify the complexity of the relationship between visuospatial perception and 
temporal processing.  
More recent studies (Aedo-Jury and Pins, 2010; Kliegl and Huckauf, 2014) 
investigated the role of point of fixation in perceived duration by examining the 
effects of stimulus eccentricity (i.e., angular deviation of stimulus from the 
fixation point) on time perception. Aedo-Jury and Pins (2010) used 
magnocellular-biased and parvocellular-biased stimuli to examine how 
differences in visual processing in the periphery could distort time. The 
magnocellular-biased stimuli were contrast controlled grey-scale images whereas 
the parvocellular-biased stimuli were red and green with equal luminance. 
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Participants compared a fixed interflash interval with a subsequently presented 
comparison interflash interval and indicated whether the second interval was 
shorter or longer than the first one. When stimulus visibility was equalized, Aedo-
Jury and Pins (2010) found a larger point of subjective equality (PSE) with 
greater retinal eccentricity only for the magnocellular-biased stimuli. This implied 
a relationship between temporal properties of the magnocellular pathway and time 
perception, thereby implicating the magnocellular pathway within the visual 
system in timing processes. 
Roussel et al. (2009) and Aedo-Jury and Pins (2010) both used an empty 
interval demarcated by flashes in their duration categorization task. In order to 
learn the time interval, participants had to encode two events, i.e. flashes denoting 
the start and end of the interval. Stimuli that are more complex and require more 
cognitive processing distort perceived duration (Brown, 1997; Brown, 2002). In 
order to reduce stimulus complexity, Kliegl and Huckauf (2014) used a filled 
interval paradigm to investigate the effects of retinal eccentricity on perceived 
time. They found that perceived duration decreased with increasing eccentricity 
i.e. the PSE was larger for the larger eccentricities. Hence, the effect of visual 
field changes on perceived duration appears to be generalizable across varied 
experimental manipulations and studies.  
In conclusion, the studies reviewed above mostly demonstrated that 
stimuli eccentricities affects temporal processing. In the next section, I will 
describe an influential model of time perception and explain how the model could 
help to explain some of these findings. 
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Interpreting Space-Time Interactions with the Pacemaker-Accumulator 
Model 
 Pacemaker-accumulator internal clock models were amongst the first 
timing models proposed (Creelman, 1962; Treisman, 1963). The dominant model 
of this type is based on the Scalar Expectancy Theory (SET) proposed by Gibbon 
(1977). SET divided the timing process into three stages - clock, memory and 
decision (Gibbon and Church, 1990). The clock stage consists of a Poisson 
pacemaker that emits pulses and an accumulator that consolidates the pulses over 
time. The pacemaker and the accumulator are linked by an attention-modulated 
switch, which determines whether the pulses emitted by the pacemaker enter the 
accumulator (Meck, 1984). In the memory stage, a count of pulses accumulated in 
the accumulator is represented in working memory. The decision stage comprises 
the comparison of the accumulated pulse count within working memory with a 
representation from long-term memory (Wearden, 2004). Each of the stages 
within the SET is independent and can introduce sources of variation unique to 
the specific stage (Gibbon and Church, 1984), which can affect time perception. 
Pacemaker-accumulator model accounts for time distortion by 
saccades.  
Saccadic chronostasis. The phenomenon of saccadic chronostasis 
reported by Yarrow et al. (2001) could be explained with the pacemaker-
accumulator model. Hodinott-Hill, Thilo, Cowey and Walsh (2002) investigated 
chronostasis in the auditory modality by using a paradigm that required 
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participants to switch their attention from the right ear to left ear and obtained 
effects comparable to Yarrow et al.’s (2001) finding of saccadic chronostasis. 
They concluded that a common timing mechanism possibly underlies chronostasis 
and that it can be explained with the processes inherent within the clock stage. 
Hodinott-Hill et al. (2002) postulated that any new events such as the preparation 
to make a saccade or to shift attention to another ear involved an increase in 
arousal and this arousal sped up the internal pacemaker and led to a faster rate of 
pulse accumulation. This translated to a lengthening in perceived time.  
Hodinott-Hill et al.’s (2002) hypothesis implies that any increase in 
arousal leads to lengthening of perceived time. Yarrow et al. (2004) varied 
stimulus duration to investigate this postulation on the basis that an increase in 
stimulus duration would increase arousal. They found that the chronostasis effect 
was independent of stimulus duration, hence rejecting the Hodinott-Hill et al. 
(2002) hypothesis. Instead, Yarrow et al. (2004) proposed that certain processes, 
yet unknown, influence pulse counts in the accumulator, working memory store, 
or at the level of the comparator.  
 Perceived shortening of time. Contrary to a lengthening of perceived time, 
Morrone et al. (2005) and Suzuki and Yamazaki (2010) found that saccades 
caused compression of time. This has been explained in the context of the 
pacemaker-accumulator model as well. Saccades are accompanied by changes in 
the receptive field of individual neurons (Colby and Goldberg, 1999). These 
changes were suggested by Morrone et al. (2005) to slow down the pacemaker 
resulting in accumulation of fewer pulses within the accumulator. 
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Pacemaker-accumulator model accounts for time distortion by visual 
field changes. 
As described above, several studies (e.g. Aedo-Jury and Pins, 2010; Kliegl 
and Huckauf, 2014) showed a shortening of perceived time with increased retinal 
eccentricity. This compression of time could be dependent on spatial attention. 
The fovea is the region of highest acuity and foveating a stimulus increases the 
processing rate of stimuli (Posner, 1980). In general, there is a gradient of spatial 
attention from fovea to periphery with attention being highest within the fovea 
(Goolkasian, 1999; Juttner and Rentschler, 1996). At the same time, attention and 
eye fixations are independent (Posner, 1980). However, under normal 
circumstances as we engage in normal visual processing of our surroundings, eye 
fixations commonly coincide with attention. Hence, it is possible that spatial 
attention is responsible for the effects of retinal eccentricity on perceived time. 
 The attention-modulated switch between the pacemaker and accumulator 
(Meck, 1984) could be the locus of an effect of spatial attention on perceived time. 
Assuming that attention is needed in order for pulses emitted by the pacemaker to 
enter the accumulator, it is then logical to suggest that a decrease in attention 
would lead to fewer pulses passing through to the accumulator. This could explain 
the greater compression of time for stimuli presented at the periphery as compared 
to the fovea since less attention is allocated to the peripheral visual field.  
 Steinman, Steinman and Lehmkuhle (1997) demonstrated the involvement 
of the magnocellular pathway, rather than the parvocellular pathway, in visual 
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attention capture. This is consistent with Aedo-Jury and Pins’s (2010) finding that 
only the magnocellular biased stimuli showed effects of retinal eccentricity on 
perceived time. Hence, these results also imply that the effects of retinal 
eccentricity on perceived duration may be specific to the magnocellular pathway.  
 
The Present Research 
 As described above, most studies that examined the effects of visual field 
location of stimuli on perceived time used an empty interval paradigm, which 
increased the complexity of the to-be-perceived stimuli. Greater stimulus 
complexity increases mental processing which can result in distorted perceived 
time (Brown, 1997; Brown, 2002). In order to thoroughly examine effects of 
stimulus eccentricity on perceived time, Kliegl and Huckauf (2014) presented a 
simple stimulus using a filled interval paradigm to eliminate the possible 
confound of stimulus complexity. They asked participants to compare the 
duration of a circular disk (i.e. 120 ms) presented at fixation and screen center to 
disks of varying durations presented at varying retinal eccentricities (i.e. 3, 6 and 
9 degrees) and to report which disk was presented longer. Consistent with 
previous findings, they found that perceived duration decreased with greater 
retinal eccentricity. However, this time distortion could also have been caused by 
production of saccades (Morrone at al. 2005; Suzuki and Yamazaki, 2010). The 
present study aimed to eliminate this alternative explanation through the use of an 
eye tracker to monitor eye movements. In Experiment 1, Kliegl and Huckauf’s 
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(2014) study was replicated in conjunction with eye tracking to investigate 
whether the same effects could be observed even after controlling for eye 
movements. Moreover, to investigate whether the effect of eccentricity on 
perceived duration is multiplicative or additive we included three standard 
durations (i.e., 120 ms, 170 ms, and 210 ms). Knowing whether the eccentricity 
effect across standard durations is multiplicative or additive would enable us to 
make certain inferences regarding the characteristics of timing processes within 
the brain and is critical in the development and application of timing models. In 
Experiment 2, Kliegl and Huckauf’s (2014) study was extended to the vertical 
meridian to examine potential effects on timing of differences in ganglion cell 
density along the horizontal and vertical meridians. Curcio and Allen (1990) did a 
microscopic examination of six young human retinas and observed that the 
topography of ganglion cells differs greatly depending on retinal location. Highest 
ganglion cell density is seen along the horizontal meridian within the central 
retina. A steeper decrease of ganglion cell density along the vertical meridian 
relative to the horizontal meridian was also found. At the periphery of the retina, 
Curcio and Allen (1990) also noticed a higher cell density along the horizontal 
meridian as opposed to the vertical meridian. Hence, it is posited that the meridian 





Experiment 1 – The Horizontal Meridian 
In Experiment 1, we extended Kliegl and Huckauf’s (2014) paradigm and 
examined the effects of retinal eccentricity on perceived time across several 
standard durations (i.e., 120 ms, 170 ms and 210 ms) when stimuli were presented 
along the horizontal meridian. In order to control for the possibility that saccades 
are responsible for the retinal eccentricity effect, we used an eye tracker during 




 Forty-nine experimentally naive participants (twenty-eight females, 
twenty-one males) were recruited from the student population of the National 
University of Singapore. They were between 18 and 31 years old (M = 22.65, SD 
= 3.00) and had either normal or corrected-to-normal vision. Participants received 
payment in exchange for their participation and all provided written informed 
consent.  
Apparatus. 
 An Eye-Link 1000 SR-Research Desktop Mount eye tracker system was 
used to non-invasively track the positions of each participant’s dominant eye 
using corneal and pupil reflections of infrared light. The Eye-Link 1000 has an 
average accuracy of 0.15 to 0.5 degrees with a maximum monocular sampling 
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rate of 2000 Hz. For the current experiment, a sampling rate of 1000 Hz was used. 
A head support, which included a chin rest and forehead rest, was used to ensure 
head stability and minimize head movements. All visual stimuli were presented 
using a 22-inch Samsung TFT-LCD Monitor with a screen resolution of 800 x 
600 pixels and a refresh rate of 120 Hz. Stimulus presentation and response 
acquisition were controlled by a computer program written in MATLAB (The 
Mathworks) using the Psychophysics Toolbox (Pelli, 1997). Responses were 
made using the number pad on a standard keyboard.  
Design. 
A three-way mixed factorial design (Standard Duration x Visual Field x 
Stimulus Eccentricity) was employed for the experiment. Standard Duration (120, 
170 and 210 ms) was a between subjects factor. There were eighteen (eight 
females, ten males), fifteen (nine females, six males) and sixteen (eleven females, 
five males) participants in the 120, 170 and 210 ms conditions respectively. The 












6⁄  ) were consistent with Kliegl and Huckauf 
(2014) and kept constant for the three standard durations used. In order to 
maintain the aforementioned ratio, for the 120 ms standard duration condition, the 
comparison durations were 20, 60, 100, 140, 180 and 220 ms. For the 170 ms 
standard duration condition, the comparison durations were 28, 85, 142, 198, 255, 
and 312 ms. For the 210 ms standard duration condition, the comparison durations 
were 35, 105, 175, 245, 315 and 385 ms.  
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were within-subjects factors. Each participant completed 540 trials; 15 trials per 
comparison duration at each combination of the factors Visual Field and Stimulus 
Eccentricity. A typical trial sequence is illustrated in Figure 1. 
Procedure. 
Participants were briefed on the task when they first arrived at the lab and 
written informed consent was obtained. Since the present experiment used 
monocular tracking, ocular dominance was determined using the Miles test (Miles, 
1930). Participants were asked to extend and bring both their hands together to 
make a small opening through which they were asked to view a distant object. 
They were requested to close their left and right eye in succession and the 
dominant eye was defined as the one that could view the object when the other 
eye was closed. After determining the dominant eye, participants were told to 
place their chin on the chin rest and their forehead against the forehead rest. As 
mentioned previously, the chin rest reduced head movements and ensured a 
constant viewing distance of 57 cm. In addition, participants were also told to 
always fixate at screen center and not make any eye movements for the entire 
experiment. 
At the start of each trial, participants were asked to fixate at the screen 






 line width) with 




). The fixation cross appeared for an interval ranging 
between 100 ms and 900 ms taken from a normal distribution with Mean = 500 
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ms and SD = 25 ms. The fixation cross was then replaced by a 200 ms blank grey 
screen. The Standard stimulus, a circular disk of diameter 0.8
o
, was then 
presented at screen center for a fixed interval of 120, 170 or 210 ms, depending 
on the Standard Duration condition. This was followed by an inter-stimulus-
interval (ISI) of 200 ms. Thereafter, the Comparison stimulus, a circular disk 
(diameter = 0.8
o






 to either the left or right visual 
field from the screen center. As noted above, there were six comparison durations 
for each Standard Duration condition. Participants were specifically instructed to 
continue fixating on the screen center and not to shift their gaze to the new 
position of the disk. They were also told that this was the optimum strategy for 
task performance. After the presentation of the comparison stimulus, participants 
were asked to indicate whether the Standard or Comparison stimulus had been 
presented longer by pressing the “1” on the keyboard number pad for the 
Standard stimulus and the “2” for the Comparison stimulus. The key press also 
initiated the start of the next trial. A typical trial sequence is graphically illustrated 
in Figure 1.  
Prior to the start of the actual experiment, a practice block of 24 trials was 
conducted. Presentation order of the different trial types was randomized within 
blocks. 
In order to reduce participant fatigue, testing was divided into three blocks 
with 180 trials per block and a break of 5 minutes between blocks. Furthermore, 
there was a pause after every 20 trials within each block during which participants 




Figure 1. Typical trial sequence for Experiment 1. The second dot stimulus was 
presented at 3, 6, or 9 degrees from the screen center (demarcated by a gray 
dotted line in the figure, but not in the experiment) along the horizontal meridian.  
 
Data analysis. 
 Data analysis was performed with MATLAB, Version R2012b 
(MathWorks, Inc) and IBM SPSS Statistics 20 (IBM, SPSS Inc.). Prior to fitting 
sigmoidal functions to the response data (see below), the accuracy data for all 
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trials within each eccentricity condition were examined for each participant. This 
ensured that only participants who were able to perform the time discrimination 
task were included in the analysis. Data from trials in the same eccentricity 
condition were collated and the percentages of correct trials were computed. 
Participants with a low accuracy rate (< 70%) for more than one eccentricity were 
excluded from further analysis. For the 120 ms condition, this criterion eliminated 
six participants (two females, four males) leaving 12 participants (six females, six 
males) for further analysis. For the 170 ms condition, this criterion eliminated 
three participants (one females, two males) leaving 12 subjects (six females, six 
males) for further analysis. For the 210 ms condition, this criterion eliminated two 
participants (both females) leaving 14 subjects (nine females, five males) for 
further analysis. 
Some fitted psychometric response functions plotted for each Eccentricity, 
Visual Field and Standard Duration (fitting procedures are explained below) were 
observed to deviate from its expected shape. This would result in inaccurate 
extracted measures from the fitted functions as elaborated below. Hence, in order 
to ensure more stable response functions, we collapsed the data over the left and 
right visual field presentations to provide a maximum of 30 trials for each data 
point in a given response function for each Eccentricity and Standard Duration.  
As described in the Introduction, saccades have been found to affect one’s 
perceived time (e.g., Yarrow et al., 2001; Morrone et al., 2005), thus the eye 
tracking data were analyzed for each trial to check for the presence of saccades. A 
threshold of one degree saccade amplitude is commonly used to differentiate 
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between saccades and microsaccades (Rolfs, 2009), so any trial containing an eye 
movement of greater than one degree during stimulus presentation was excluded 
from the analysis. For the 120 ms condition, 59 trials (2.73%), 63 trials (2.92%) 
and 41 trials (1.90%) were omitted from the 3, 6 and 9 degrees eccentricity 
conditions, respectively. For the 170 ms condition, 122 trials (5.65%), 118 trials 
(5.46%) and 95 trials (4.40%) were omitted from the 3, 6 and 9 degrees 
eccentricity conditions, respectively. For the 210 ms condition, 188 trials (7.46%), 
198 trials (7.86%) and 143 trials (5.67%) were omitted from the 3, 6 and 9 
degrees eccentricity conditions, respectively. 
Following exclusion of saccade trials, individual participant response 
functions were generated for each Stimulus Eccentricity by determining the 
proportion of trials for which the Comparison stimulus was classified as longer 
than the Standard. Sigmoid functions (Equation 1) were fitted to these data.  







Fitting was done using the optimization toolbox within MATLAB and three 
parameters, alpha (α), beta (β) and lambda (λ), were estimated by minimizing the 
error residuals between the observed and predicted values. Estimated parameters 
were used purely for fitting of the psychometric functions and are not interpreted 
theoretically here. The point of subjective equality (PSE), here the comparison 
duration that the participant could be expected to classify as longer than the 
standard 50% of the time, was determined from this fitted function. PSE values 
were taken to reflect timing accuracy of the participants. The values for which the 
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comparison stimulus would be classified as longer 25% and 75% of the time were 
also determined and the difference limen (DL) calculated (one half of the 
difference between these values; e.g., Lapid, Ulrich and Rammsayer, 2008). The 
DL indicates the sensitivity of the timing process. A smaller difference limen 
reflects higher differential sensitivity of the observer. In addition to the DL, the 
Weber Fraction (WF) was calculated by dividing the DL by the PSE, which 
provides a measure of timing variability whilst controlling for stimulus duration 
(Allan, 1979). 
The reliability of the fitting procedure was established by calculating the 
adjusted R
2
 for each fitted curve. To be considered for further analysis, 
participants had to have an adjusted R
2
 that was larger than .90 for two or more 
eccentricities. In addition, adjusted R
2
 for any eccentricity could not be lower 
than .70. All participants in the 120 and 170 ms conditions satisfied this criterion. 
In the 210 ms condition, two participants (both female) were excluded due to poor 
fits to the data. Hence, further analysis for the 210 ms condition used data from 12 
participants (7 females, 5 males). Table 1 shows the mean and S.D of the adjusted 
R
2
 by Standard Duration and Stimulus Eccentricity. Overall, the sigmoid equation 
fitted the observed data reasonably well. Adjusted R
2
 for individual participants 
across eccentricities for 120, 170 and 210 ms can be found in Appendices A, B 





Table 1. Mean adjusted R
2
 (standard deviation) value for each Standard Duration 




120 ms 170 ms 210 ms 
3 degrees .95 (.087) .98 (.026) .98 (.020) 
6 degrees .99 (.022) .99 (.016) .98 (.028) 
9 degrees .99 (.0089) .99 (.0072) .98 (.020) 
 
Besides omitting trials with saccades, we also examined the possible 
impact of microsaccades on perceived time. Microsaccades are involuntary and 
rapid micro shifts in eye position that the eyes spontaneously produce during 
fixations (Rolfs, 2009) and which occur at a frequency of one to two per second 
(Ciuffreda and Tannen, 1996). Microsaccades were originally thought to serve no 
useful purpose (Kowler and Steinman, 1979; Kowler and Steinman, 1980), 
however, recent research has revealed the importance of these micro eye 
movements in the maintenance of visual stability and prevention of visual fading 
(Martinez-Conde, Macknik and Hubel, 2004; Martinez-Conde, Macknik, 
Troncoso and Dyar, 2006). In addition, microsaccades have also been implicated 
in determining the distribution of covert attention (Hafed and Clark, 2002; 
Engbert and Kliegl, 2003) and reorienting the eyes back to their fixation point 
(Engbert and Kliegl, 2004). Microsaccades have similar kinematic properties as 
saccades (Ciuffreda and Tannen, 1996; Hermes and Walker, 2010). Furthermore, 
they have been shown to also exhibit microsaccadic suppression, which is similar 
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to saccadic suppression, whereby visual perception sensitivity is lowered during 
these eye movements to prevent motion blurring (Martinez-Conde, Macknik, 





) on perceived time have been reported in the literature (e.g., 
Yarrow et al., 2001; Morrone et al., 2005), it is still worthwhile to examine the 
potential influence of microsaccades on time perception in light of the 
significance of microsaccades in visual perception. 
Microsaccades were identified with the algorithm of Engbert (2006). The 
time series of horizontal and vertical eye positions was first separately 
transformed into velocities by using a weighted moving average over 5 data 
samples to suppress noise (Equation 2). Microsaccades were defined as outliers 
with much higher velocities. 
(Equation 2)          𝑣𝑛 =  𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 ∗
𝑥𝑛+2 + 𝑥𝑛+1 − 𝑥𝑛−1 − 𝑥𝑛−2
6
  
Specifically, the velocity threshold used to classify microsaccades was calculated 
by first computing the standard deviation for the horizontal and vertical velocity 
time series. The 〈. 〉 seen in Equation 3 is used to denote the median estimator 
employed to avoid influences of high velocities caused by microsaccades. A fixed 
constant (λ = 5) was then multiplied by the standard deviation to yield the velocity 
threshold, ηx,y (Equation 3).  




In order to classify an eye movement as a microsaccade, the velocity data had to 
fulfill the criterion listed in Equation 4. In addition, maximum amplitude of 1 
degree and minimal duration of 6 ms (i.e., 6 data samples) was needed for 
microsaccade classification.  











The number of microsaccades occurring for the entire span of the 
Standard and Comparison stimuli was then computed for each trial type (see 
Appendix G and H for group mean plots). The Comparison time window denoted 
the onset of the peripheral stimuli at varying eccentricities and differences in 
attentional shift and microsaccade production would likely occur then. Hence, for 
the current analysis, we only examined the number of microsaccades that 
occurred during the Comparison time window. In order to account for the varying 
presentation durations of the Comparison, we normalized the data by dividing the 
total number of microsaccades produced by the total time taken for the 
presentation of the Comparison stimuli in each Standard Duration condition.  
Since Experiment 1 examined whether timing varied across eccentricities 
when the standard duration was increased, analysis of various timing measures 
was done within each Standard Duration condition. In addition, we also examined 
possible differences in number of microsaccades produced across eccentricities 
for each Standard Duration (see Appendix I for group mean plots). Comparisons 
between the different standard duration conditions were performed on the Weber 
Fractions. Regression analysis was also carried out on the normalized number of 
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microsaccades produced with PSEs obtained from all standard duration conditions 
for each eccentricity to examine possible relationships between them. Repeated-
measures ANOVAs were mostly used and the Greenhouse-Geisser correction was 
applied when the sphericity assumption was violated. Follow-up pairwise 
comparisons were carried out where necessary. Holm’s Sequential Bonferroni 
Method was used to control for Type I error at the .05 level. Where applicable, the 
adjusted pc is indicated in parentheses. 
 
Results 
120 ms Standard Duration.  
PSE analysis. Figure 2 illustrates the mean psychometric response 
functions for the different eccentricities before and after omission of trials with 
saccades. Fitted sigmoid curves showed rightward shifts i.e. greater PSE values 
with increased eccentricity regardless of whether trials with saccades were 
omitted. Table 2 summarizes the PSE values across eccentricities before and after 
saccade trial removal and these values were rather similar as well. A One-way 
repeated measures ANOVA was carried out on the PSE values calculated from 
the data after omission of saccade trials. The effect of Stimulus Eccentricity on 
the PSE was significant, F(1.17, 12.88) = 15.28, p = .001, ηp
2
 = .58, power = .97. 
Post-hoc comparisons revealed significantly larger PSE values for the 6 degrees 
(t(11) = -3.78, p = .003, pc = .025) and 9 degrees conditions (t(11) = -4.07, p 
= .002, pc = .017) relative to the 3 degrees condition, as well as significantly 
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larger PSE values for the 9 degrees condition relative to the 6 degrees condition, 
t(11) = -3.49, p = .005, pc = .05. A statistical analysis of PSEs derived from data 




Figure 2. Group mean proportion “comparison longer” responses and fitted 
sigmoid functions for the 120 ms standard duration condition of Experiment 1. 
The upper and lower panels show data before and after removal of trials with 
saccades, respectively. The dotted black vertical line demarcates the standard 
duration. All error bars represent the S.E.M (+/- 1). 
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Table 2. Group mean (standard deviation) PSE values (ms) at each eccentricity 
for the 120 ms standard duration condition of Experiment 1. 
Stimulus Eccentricity 
Before “Saccade” Trials 
Removal 
After  “Saccade” Trials 
Removal 
3 degrees 114 (32) 115 (32) 
6 degrees 133 (25) 132 (23) 
9 degrees 149 (21) 148 (22) 
 
DL and WF analysis. Group mean DL and WF measures for each 
eccentricity are presented in Table 3. One-way repeated measures ANOVAs were 
carried out on both DL and WF measures calculated from the data after “saccade” 
trials removal to examine possible effects of eccentricity. The main effect of 
Stimulus Eccentricity on DL values was non-significant, F(2, 22) = .23, p = .80, 
ηp
2
 = .021, power = .082. On the other hand, the effect of Stimulus Eccentricity on 
WF was significant, F(2, 22) = 3.81, p = .038, ηp
2
 = .26, power = .64. However, 
post-hoc comparisons indicated no significant differences in WF between 3 
degrees and 6 degrees eccentricity (t(11) = 1.47, p = .17, pc = .05), between 6 
degrees and 9 degrees eccentricity (t(11) = 1.70, p = .12, pc = .025), or between 3 
degrees and 9 degrees after correcting for multiple pairwise comparisons, t(11) = 




Table 3. Group mean (standard deviation) DL and WF values at each eccentricity 




M (SD) M (SD) 
3 degrees 31 (13) .29 (.15) 
6 degrees 31 (10) .23 (.08) 
9 degrees 29 (6) .20 (.03) 
 
Microsaccades analysis. A repeated measures ANOVA revealed no 
significant differences in the number of microsaccades produced across 
eccentricities, F(2, 22) = 3.11, p = .065, ηp
2
 = .22, power = .54. 
170 ms Standard Duration. 
PSE analysis. Figure 3 illustrates the mean psychometric response 
functions for the different eccentricities before and after omission of trials with 
saccades. Again, response functions before and after “saccade” trials removal 
were rather similar. In addition, response functions were also rather similar across 
eccentricities, especially for the 6 degrees and 9 degrees eccentricity conditions 
where the curves almost overlapped. Table 4 shows the group mean PSE values. 
Mean PSE values seemed rather similar across eccentricities before and after 
“saccade” trials removal. A One-way repeated measures ANOVA indicated no 
significant effect of Stimulus Eccentricity on PSEs calculated from data after 
omission of saccade trials, F(1.16, 12.70) = 1.50, p = .25, ηp
2
 = .12, power = .22. 
 31 
 
A statistical analysis of PSEs derived from data before saccade trial omission 




Figure 3. Group mean proportion “comparison longer” responses and fitted 
sigmoid functions for the 170 ms standard duration condition of Experiment 1. 
The upper and lower panels show data before and after removal of trials with 
saccades, respectively. The dotted black vertical line demarcates the standard 
duration. All error bars represent the S.E.M (+/- 1). 
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Table 4. Group mean (standard deviation) PSE values (ms) at each eccentricity for 
the 170 ms standard duration condition of Experiment 1 
Stimulus Eccentricity 
Before “Saccade” Trials 
Removal 
After  “Saccade” Trials 
Removal 
3 degrees 171 (34) 170 (35) 
6 degrees 185 (39) 185 (39) 
9 degrees 185 (36) 184 (37) 
 
DL and WF analysis. One-way repeated measures ANOVAs indicated no 
significant effects of Stimulus Eccentricity on the DL, F(1.14, 12.58) = 1.20, p 
= .31, ηp
2
 = .097, power = .18, and WF measures, F(2, 22) = 2.29, p = .13, ηp
2
 
= .17, power = .42, derived from data after omission of saccade trials. Table 5 
illustrates the mean DL and WF measures across eccentricities. 
Table 5. Group mean (standard deviation) DL and WF values at each eccentricity 




M (SD) M (SD) 
3 degrees 52 (47) .29 (.20) 
6 degrees 42 (20) .23 (.13) 




Microsaccades analysis. A repeated measures ANOVA showed no 
significant effects of Stimulus Eccentricity on the number of microsaccades 
produced, F(2, 22) = 2.87, p = .078, ηp
2
 = .21, power = .50. 
210 ms Standard Duration. 
PSE analysis. Figure 4 illustrates the mean psychometric response 
functions for the different eccentricities before and after omission of trials with 
saccades. Similar response functions, i.e. rightward shift with greater stimulus 
eccentricity, were observed for data before and after saccade trial omission. Table 
6 shows the group mean PSE values before and after saccade trial omission across 
eccentricities. A One-way repeated measures ANOVA revealed a significant 
effect of Stimulus Eccentricity on the PSE, F(1.30, 14.31) = 4.22, p = .05, ηp
2
 
= .28, power = .54. Follow-up analyses revealed a non-significant difference 
between 3 and 6 degrees eccentricity, t(11) = -.90, p = .39, pc = .05, a nearly 
significant effect between 3 and 9 degrees eccentricity, t(11) = -2.15, p = .055, pc 
= .025, and a significantly larger PSEs in the 9 degree eccentricity condition 
relative to the 6 degree eccentricity condition, t(11) = -2.83, p = .016, pc = .017. 
Statistical analysis of PSEs obtained from data before saccade trial omission 
revealed a trend toward a significant effect of eccentricity on PSE, F(1.42, 15.60) 
= 3.63, p = .063, ηp
2




Figure 4. Group mean proportion “comparison longer” responses and fitted 
sigmoid functions for the 210 ms standard duration condition of Experiment 1. 
The upper and lower panels show data before and after removal of trials with 
saccades respectively. The dotted black vertical line demarcates the standard 
duration. All error bars represent the S.E.M (+/- 1). 
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Table 6. Group mean (standard deviation) PSE values (ms) at each eccentricity 
for the 210 ms standard duration condition of Experiment 1. 
Stimulus Eccentricity 
Before “Saccade” Trials 
Removal 
After  “Saccade” Trials 
Removal 
3 degrees 206 (32) 206 (32) 
6 degrees 220 (23) 218 (22) 
9 degrees 241 (39) 250 (56) 
 
DL and WF analysis. One-way repeated measures ANOVA revealed no 
significant effects of Stimulus Eccentricity on the DL, F(2, 22) = .48, p = .63, ηp
2
 
= .042, power = .12, and WF measures, F(2, 22) = .56, p = .58, ηp
2
 = .048, power 
= .13, derived from data after omission of saccade trials. Table 7 summarizes the 
group mean DL and WF values.  
Table 7. Group mean (standard deviation) DL and WF values at each eccentricity 




M (SD) M (SD) 
3 degrees 44 (27) .20 (.09) 
6 degrees 50 (18) .23 (.09) 




Microsaccades analysis. A repeated measures ANOVA showed no 
significant differences in the number of microsaccades produced across 
eccentricities, F(2, 22) = 2.74, p = .087, ηp
2
 = .20, power = .48. 
Comparison across standard durations. 
WF analysis. Figure 5 illustrates the group mean WF values for each 
eccentricity across the three standard durations. A decrease in WF measures 
across standard durations was observed for the 3 degrees stimulus eccentricity 
condition. Relatively consistent WF measures across standard durations were 
observed for both the 6 degrees and the 9 degrees stimulus eccentricity conditions. 
To examine temporal sensitivity across the three standard durations, we carried 
out three One-way between subjects ANOVAs on the WF values; one for each 
stimulus eccentricity condition. The effect of Standard Duration on WF was not 
statistically significant for the 3, 6, and 9 degrees conditions, F(2, 33) = 1.13, p 
= .34, ηp
2
 = .064, power = .23, F(2, 33) < .001, p = 1.00, ηp
2
 < .001, power = .05, 
and F(2, 33) = .16, p = .85, ηp
2




Figure 5. Group mean WF values for each Standard Duration by Stimulus  
Eccentricity condition when stimuli were presented along the horizontal meridian. 
Error bars represent S.E.M (+/- 1). 
 
Microsaccades analysis. The normalised number of microsaccades 
produced during the Comparison time windows was regressed on PSEs obtained 
from all standard duration conditions separately for each eccentricity. Regression 
analyses revealed no significant relationship between the number of 
microsaccades produced and subjective duration when Comparison stimuli were 
at the 3 degrees, β = .211, R2 = .044, F(1, 34) = 1.58, p = .22 power = .17, 6 
degrees, β = .040, R2 = .002, F(1, 34) < 1, p = .82, power = .046, and 9 degrees 




In Experiment 1, we replicated an experiment by Kliegl and Huckauf 
(2014) and extended it to include standard durations of 170 ms and 210 ms in 
addition to the 120 ms standard duration used in the original study. An eye tracker 
was used to monitor eye movements; comparison of the response functions before 
and after trials containing saccades were omitted indicated a high degree of 
similarity. This suggests that any distortions in perceived time due to the retinal 
location of the comparison stimuli are unlikely to be due to saccades. However, to 
minimize any possible effect of saccades on the results, data analysis was applied 
after saccade trials were omitted.  
PSEs were computed for each Eccentricity by Standard Duration condition. 
When the standard duration was 120 ms, the PSE increased with increasing 
stimulus eccentricity, i.e. greater deviation from the center of the visual field. This 
result replicates Kliegl and Huckauf (2014). Furthermore, since the analysis was 
based on trials without saccades, it supports the conclusion that the eccentricity 
effect reported by Kliegl and Huckauf (2014) was not driven by saccades. In two 
additional experiments, the standard duration was increased to 170 ms and 210 ms 
to determine whether the eccentricity distortion would scale with the value of the 
Standard Duration (i.e., increase proportionally with the standard duration) or 
would be a constant amount independent of the standard duration. Interestingly, 
no significant effects of stimulus eccentricity on perceived time were found in the 
170 ms standard duration condition, whereas a significantly greater PSE was 
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observed only for the 9 degrees eccentricity condition relative to the 6 degrees 
eccentricity condition in the 210 ms standard duration condition.  
Comparison stimulus eccentricity did not significantly affect the DL and 
WF measures in any of the Standard Duration conditions. In addition, the WF 
values did not differ across the Standard Duration conditions within an 
eccentricity. This indicates comparable sensitivity and variability in the timing 
processes across different stimulus eccentricities and standard durations.  
Microsaccades produced during the Comparison time window were first 
examined for possible differences across eccentricities for each standard duration. 
No significant differences due to microsaccades were found for 120 ms, 170 ms 
or 210 ms. We next examined possible influences of microsaccade production on 
perceived subjective duration by regressing microsaccades produced on PSEs. 
However, we did not find any significant trend between the number of 
microsaccades produced and subjective duration across all eccentricities. This 
implies that microsaccades are not the cause of the observed time distortions. 
The increased distortion in perceived time with increasing stimulus 
eccentricity in the 120 ms standard duration condition can be interpreted as an 
effect of spatial attention allocation within the framework of the pacemaker-
accumulator model. As previously mentioned, allocation of spatial attention 
decreases progressively as stimuli move further towards the periphery (Posner, 
1980; Goolkasian, 1999; Juttner and Rentschler, 1996). Within the pacemaker-
accumulator model, attention is critical for timing because it modulates closure of 
 41 
 
the switch connecting the pacemaker to the accumulator (Meck, 1984). A 
decrease of spatial attention for processing of stimuli in the periphery could result 
in a reduction of pacemaker pulse transmission to the accumulator. Perceived 
duration would therefore be underestimated leading to larger PSE values. On the 
other hand, Cicchini and Morrone (2009) previously found that compression of 
time is spatially selective and postulated multiple pacemakers with different 
ticking rates at varying spatial locations. It is hence also possible that the 
deviation of the stimuli presentation from the fovea slowed down the ticking rate 
of the pacemaker thereby reducing pulse accumulation. 
Pacemaker-accumulator models have been criticized for a lack of 
neurobiological plausibility. More recent models, such as the Striatal Beat 
Frequency (SBF) model, have attempted to address this shortcoming. In the SBF 
model, Matell and Meck (2000) proposed that time is processed in a distributed 
manner within the brain. According to them, temporal processing proceeds 
through a cortico-striatal-thalamic-cortical loop. Neural activities from the neural 
populations in the cerebral cortex serve as temporal oscillating inputs to the 
striatum. These inputs converge onto the striatal medium spiny neurons (Meck, 
Penney and Pouthas, 2008). At the start of a timing interval, the cortical neurons 
are synchronized. Different cortical neurons oscillate at different fixed 
frequencies throughout the criterion interval. Bursts of dopamine from the 
substantia nigra pars compacta induce experience-dependent changes such as 
long-term potentiation (LTP) and long-term depression (LTD) on cortico-striatal 
inputs. LTP and LTD work together to enhance the detection of activations of 
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specific subsets of oscillating cortical inputs at particular neuron spines. This 
produces a memory for the cortical activation pattern corresponding to the 
criterion duration. On subsequent trials where the same criterion duration is being 
timed, the striatal medium spiny neurons compare the current pattern of neural 
activation with the memorized pattern of activation to determine whether the 
criterion duration has been reached. Maximum coincident activity of neural firing 
in cortical neurons is said to occur at the criterion duration, which is detected by 
the striatal spiny neurons. The striatum is hence said to act as a “coincidence 
detector” by monitoring and detecting coincident activity of a subset of cortical 
neurons. The striatal spiny neurons fire to indicate that the criterion duration is 
reached. 
The SBF model can be used to explain stimulus eccentricity effects on 
timing. As discussed above, suppression of the magnocellular pathway was found 
during saccades (Ross, Burr and Morrone, 1996) and production of saccades was 
also found to cause time compression (Morrone et al., 2005). Hence, it is possible 
that the suppression of the magnocellular pathway might be the mechanism that is 
causing time compression. Aedo-Jury and Pins (2010) demonstrated a direct link 
between the magnocellular pathway and time distortion by showing that an 
increase in time distortion with eccentricity occurs only for magnocellular-biased 
stimuli, but not for parvocellular-biased stimuli. This further supports the claim 
that magnocellular pathway suppression underlies time compression. Due to the 
distribution of rods and cones across the retina, a higher proportion of M ganglion 
cells, which project to the magnocellular layers of the LGN, is observed at the 
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periphery whereas a higher proportion of P ganglion cells, which project to the 
parvocellular layers, is observed at the fovea (Curcio and Allen, 1990; Palmer, 
1999). Interpreting the results in the SBF framework, increased suppression of the 
magnocellular pathway at the periphery leads to a decrease in the firing rate of the 
oscillating neurons within the cortex. This causes a mismatch between the pattern 
stored in memory and the pattern of activation when the criterion duration is 
reached. Consequently, time misperception occurs when stimuli are presented at 
the periphery. 
Surprisingly, as mentioned previously, we did not observe a consistent 
eccentricity effect when the standard duration was extended to 170 ms and 210 
ms. When 170 ms was used, similar PSEs were obtained across eccentricities and 
when 210 ms was used, a significant difference in PSEs was obtained between the 
6 degrees and 9 degrees conditions only. At present, it is difficult to explain the 
reason behind the significant distortion in perceived time between 6 degrees and 9 
degrees eccentricity for 210 ms standard duration. However, when PSEs from 
data before trial omission were used only a trend toward significant effects of 
Stimulus Eccentricity on PSEs was present. Coupled with the high variability in 
the 9 degrees condition, this seems to indicate the instability of the PSEs for 210 
ms standard duration. In any case, this definitely warrants further investigation to 
look at the replicability of the present set of results. 
A possible account for the failure to observe eccentricity effects on 
perceived time for the 170 ms and 210 ms conditions relates to covert attentional 
shifts. As an important survival skill, all vertebrates possess midbrain circuits to 
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engage in what has been called the visual grasp reflex, i.e. a reflex where we 
naturally use saccades to orient the eyes to attend to salient stimuli occurring in 
the visual periphery (Hess, Burgi and Bucher, 1981; Dorris, Pare and Munoz, 
1997). This kind of attention shift is termed an overt attention shift (Posner, 1980). 
Visual attention can also be directed to specific areas in the visual field without 
the need for saccades or foveation (Posner, 1980; Nakayama and Mackeben, 
1989). This kind of attention shift is termed a covert attention shift. Various 
authors have demonstrated that there are two types of covert attentional shift – 
sustained and transient attention shifts (Nakayama and Mackeben, 1989; Corbetta 
and Shulman, 2002). Sustained attention shifts can be controlled and monitored 
whereas transient attention shifts are reflexive and involuntary (Nakayama and 
Mackeben, 1989). The abrupt onset of peripheral visual cues has an innate ability 
to capture or draw attention automatically regardless of the amount of useful 
information they provide (Jonides, 1981; Remington, Johnston and Yantis, 1992). 
The peripheral visual field also consists of a higher proportion of M ganglion cells, 
which project to the magnocellular pathways. These pathways are rather sensitive 
to high temporal frequencies (Palmer, 1999) and hence the abrupt onset of a 
stimulus would likely direct transient covert attention to it even if saccades are 
absent (Breitmeyer and Ganz, 1976). In the present experiment, even though an 
eye tracker was used to monitor overt attention shifts that present in the form of 
saccades, it is impossible to know whether participants shifted their attention 
covertly. The second target stimulus presented in the peripheral visual field would 
generally be rather abrupt since participants would not know in advance the 
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target’s location in the visual field. Hence, this means that there is a high chance 
that covert attention shifts to the peripheral stimuli would occur.  
Previous timing research has demonstrated that attention is pivotal to 
temporal processing. Both overt and covert attentional shifts have been found to 
influence perceived time. Mattes and Ulrich (1998) presented stimuli in either the 
visual or auditory modality and manipulated spatial attention by including a pre-
cue to tell participants which modality to attend to. They found that perceived 
duration was longer for stimuli presented to the expected modality relative to the 
unexpected modality. A similar experiment carried out by Enns, Brehaut and 
Shore (1999) found the same effect. Hence, this demonstrates that advance overt 
allocation of attention to the stimulus modality lengthens subjective duration.  
Covert attentional shifts have the same effect on subjective duration as 
overt attentional shifts. Yeshurun and Maron (2008) presented two grey disks 
successively to participants at one of 24 possible locations and asked participants 
to compare the duration of the two disks. Prior to the presentation of the disks, 
either a peripheral cue – that would tell participants where the next disk would be 
located – or a neutral cue – to indicate disk onset – would be shown. They found a 
lengthening of perceived duration which disappeared when the disk, preceded by 
a neutral cue, was presented longer than 100 ms. Yeshurun and Maron (2008) 
proposed that a longer duration results in participants having enough time to focus 
on the neutral disk, which diminished the prolongation effect of attention on 
subjective duration. Seifried and Ulrich (2011) asked participants to judge the 
duration of a standard stimulus (100 ms or 300 ms), presented first and at fixation, 
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with that of a comparison stimulus, presented subsequently and around 2.5 
degrees either to the left or right side of the standard stimulus. Prior to the 
presentation of the comparison stimulus, a cue appeared that indicated where the 
comparison stimulus would appear with 50% accuracy. They then calculated the 
constant error by subtracting the standard from the PSE and found that validly 
cued trials had a smaller constant error than invalidly cued trials and this trend 
was consistent across different standard durations. This result demonstrates that 
covert attention can facilitate temporal processing.  
A fundamental connection between time perception and attention has long 
been recognized in timing models. In the pacemaker-accumulator model, the 
switch between the pacemaker and the accumulation is modulated by attention 
(Meck, 1984). In the SBF model, synchronization of the neuronal cortical 
oscillators is also postulated to be modulated by attention (Buhusi and Meck, 
2005). In addition, both sustained and transient spatial covert attention enhance 
cognitive processing of stimuli through signal enhancement (Carrasco, Penpeci-
Talgar and Eckstein, 2000; Ling and Carrasco, 2006). As such, the deployment of 
spatial covert attention to peripheral visual cues would most probably enhance the 
temporal processing of the target stimulus leading to accuracy in time perception 
at the periphery. Transient visual attention, in general, has been shown to be 
independent of the displacement of stimuli (Sagi and Julesz, 1985; Sperling and 
Weichselgartner, 1995). This could help explain why rather consistent PSE values 
were obtained across eccentricities with longer standard durations. 
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Microsaccades have been implicated in previous studies to be a possible 
measure of covert attention (e.g. Engbert and Kliegl, 2003; Hafed and Clark, 
2002). Engbert and Kliegl (2003) found that the presentation of cues informing 
participants about the location of a subsequent target modulated the number of 
microsaccades produced. We examined the number of microsaccades produced 
across eccentricities in an attempt to reveal differences reflecting the amount of 
covert attentional resources allocated across eccentricities. However, in the 
present study, we could not find any modulation of eccentricity on number of 
microsaccades produced. However, this does not mean that covert attentional 
shifts did not occur. Tse, Sheinberg and Logothetis (2002) previously reported 
similar results showing that abrupt onsets of stimuli do not influence 
microsaccade production. Considering the base frequency of microsaccades (i.e. 1 
to 2 Hz) and the range of stimulus durations used in the present experiment, it is 
possible that longer duration intervals are required before we can see any effects 
of peripheral stimuli onset on microsaccades.  
Interestingly, the eccentricity effect was salient when the standard duration 
was 120 ms, but disappeared when the standard duration was longer. This seems 
to suggest that covert attention shifts were not deployed for the 120 ms standard 
duration condition, but did occur for the longer durations. Most studies (for 
reviews, see Kinchla, 1992; Egeth and Yantis, 1997) that examined the time 
course of covert attention deployment used a pre-cueing paradigm for target 
detection where a cue informed participants where the target would likely occur. 
Muller and Rabbitt (1989) asked participants to fixate their attention at the center 
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of a display while trying to discriminate the orientation of a ‘T’ that was presented 
in one of four boxes at the periphery of the display. Before the target ‘T’ was 
presented, participants were exposed to either a peripheral pre-cue (i.e., brief 
change in luminance of one of the four boxes) or central pre-cue (i.e., arrow 
presented at the center of the display that points to one of the four boxes) that 
indicated the critical box would be located with an accuracy of 50%. The SOA 
between the cue and the target was manipulated and performance on the task was 
examined. A valid peripheral cue was found to facilitate performance of the 
orientation discrimination with the shortest SOA of 100 ms. Steep improvement 
of performance was found with an increase of SOA to 175 ms. Improvement 
gradually tapered off from 175 ms to 400 ms and beyond 400 ms there was no 
further improvement. On the other hand, a valid central cue was found to be 
totally ineffective at 100 ms. Performance steadily increased from 100 to 400 ms 
and thereafter improvement remained consistent as well.  
 A similar time course for the deployment of covert attention was observed 
by Eriksen (1990). With the use of pre-cueing, he concluded that processing of 
the target is enhanced with a 50 ms SOA between the cue and the target. This 
enhancement increased till 200 ms and thereafter reached asymptote. Eriksen 
(1990) identified the cause of this enhancement to be due to the gradual buildup 
of attentional resources between 50 to 200 ms. Since the SOA involved was rather 
short, this made it unlikely to be an overt shift effect and hence, it could be 
attributed to covert shifts in attention.  
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 Even though many of the paradigms reviewed above were vastly different 
from the present experiment, they offer valuable insights into the time course of 
covert attention deployment. It can be concluded from these experiments that 
there are rather prominent fluctuations of covert attention when the SOA is 
between 50 to 400 ms. Stimuli durations used for the 120, 170 and 210 ms 
standard durations were in the range of 20 to 220 ms, 28 to 312 ms, and 35 to 385 
ms, respectively. These stimuli durations were all within the aforementioned time 
window of 50 to 400 ms. Therefore, it is possible that when the stimulus durations 
were extended, it enabled participants to ‘accumulate’ covert attentional resources. 
This accumulation of additional resources could eliminate the eccentricity effect 
for longer standard durations and implies the possibility of an absolute constant 
effect of eccentricity on perceived duration. As such, this led to harder detection 
of the eccentricity effect when longer durations were used.  
 In conclusion, the present experiment showed that visual field location of 
stimuli along the horizontal meridian modulated time perception for certain 
stimulus durations. In the following experiment, we extended the present study by 
presenting stimuli along the vertical meridian to examine whether vertical 





Experiment 2 – The Vertical Meridian 
In daily life, we tend to produce more horizontal than vertical saccades as 
we scan our surroundings. Hence, this might place certain ecological constraints 
that result in better detection and processing of stimuli appearing within the 
horizontal visual field relative to the vertical visual field. Furthermore, it has been 
shown that the distribution of ganglion cell types and photoreceptors varies across 
the retina (Curcio and Allen, 1990; Curcio et al., 1990). To investigate whether 
these factors might lead to differential effects of eccentricity on perceived time, 
we presented stimuli along the vertical meridian in Experiment 2. The same 
behavioural paradigm as employed in Experiment 1, including monitoring of eye-




 Forty-six participants (twenty-six females, twenty males) were recruited 
from the National University of Singapore. Participants had normal or corrected-
to-normal vision and were between 19 and 31 years old (M = 22.37, SD = 2.53). 
Participants provided written informed consent and received payment at a rate of 
$10/hour for participating. 
Apparatus. 




 The experimental design was the same as in Experiment 1 with the 
exception of stimulus location in the visual field. We presented stimuli either in 
the upper or lower portion of the visual field along the vertical meridian as shown 
in Figure 6. 
Procedure. 
 The procedure for Experiment 2 (presented in Figure 6) was the same as in 
Experiment 1 with the exception that the comparison stimuli were presented along 




Figure 6. Typical trial sequence for Experiment 2.The second dot stimulus was 
presented at varying displacements from the screen center (demarcated by a gray 
dashed line in the figure, but not in the experiment) along the vertical meridian. 
 
Data analysis. 
The data processing steps were the same as those applied in Experiment 1. 
The percentage of correct trials for each condition was computed and checked for 
each participant to ensure that at least two eccentricity conditions had accuracy 
 53 
 
rates of not less than 70%. In the 120 ms condition, this criterion eliminated five 
participants (three females, two males) leaving twelve participants for further 
analysis. In the 170 ms condition, three male participants were eliminated, leaving 
thirteen participants for further analysis. In the 210 ms condition, one male 
participant was eliminated, leaving twelve participants for further analysis. 
Trials containing saccades were excluded from the analysis. From the 120 
ms condition, we omitted 40 trials (1.85%), 19 trials (0.88%) and 12 trials (0.56%) 
from the 3, 6, and 9 degrees conditions, respectively. From the 170 ms condition, 
we omitted 133 trials (5.28%), 85 trials (3.37%) and 83 trials (3.29%) from the 3, 
6, and 9 degrees conditions, respectively. From the 210 ms condition, we omitted 
111 trials (5.14%), 97 trials (4.49%) and 70 trials (3.24%) from the 3, 6, and 9 
degrees conditions, respectively. Roussel et al. (2009) previously found that the 
distortion of perceived time was dependent on the visual field where the stimuli 
were presented. However, the fitted psychometric functions were observed to be 
distorted due to insufficient trials used for the fitting when Visual Field was 
considered as a factor. Hence, sigmoid functions were only fitted for each 
Standard Duration by Eccentricity. Adjusted R
2
 was computed to examine fit 
quality. The criterion for inclusion of participants with a poor fit used in 
Experiment 1 (i.e., adjusted R
2
 larger than .90 for two or more eccentricities and 
all adjusted R
2 
values at least .70) was applied here. From the 170 ms condition, 
we further excluded a female participant from the analysis due to poor fit 
(adjusted R
2
 ≤ .60), leaving twelve participants for the analysis. Table 8 
summarizes the group mean adjusted R
2
 by Standard Duration and Stimulus 
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Eccentricity. Overall, the sigmoid function was a reasonably good fit for the 
observed data. Adjusted R
2
 values for individual participants across eccentricities 
for 120, 170 and 210 ms in the present experiment are reported in Appendices D, 
E and F. 
Table 8. Mean adjusted R
2
 (standard deviation) value for each Standard Duration 




120 ms 170 ms 210 ms 
3 degrees .97 (.039) .97 (.025) .97 (.030) 
6 degrees .98 (.027) .99 (.017) .98 (.028) 
9 degrees .98 (.030) .99 (.015) .97 (.037) 
 
PSE, WF and DL values were computed from the fitted functions and 
statistical analyses were performed on these derived values. As in Experiment 1, 
we computed the normalized number of microsaccades (See Appendix J, K and L 
for group mean plots). Only the number of microsaccades occurring during the 








 120 ms Standard Duration. 
 PSE analysis. Figure 7 illustrates the group mean proportion of 
‘comparison longer’ classifications before and after omission of trials with 
saccades. Rightward shifts of sigmoid curves, i.e. greater PSE values, were 
observed as stimulus eccentricity increased for both plots. Table 9 shows 
equivalent PSE values for each eccentricity before and after removal of “saccade” 
trials.  
A One-way repeated measures ANOVA carried out on the PSE values 
calculated after saccade trial omission revealed a significant effect of Eccentricity 
on PSE, F(1.36, 14.95) = 15.54, p = .001, ηp
2
 = .59, power = .98. Post-hoc 
comparisons indicated that the PSE values were significantly larger in the 6 and 9 
degrees conditions as compared to the 3 degrees condition, t(11) = -3.63, p = .004, 
pc = .025 and t(11) = -4.30, p = .001, pc = .017, respectively. Furthermore, the 
PSE values were significantly larger in the 9 degrees condition than in the 6 
degrees condition, t(11) = -3.10, p = .010, pc = .05. The same trend across 
eccentricities was obtained when the statistical analyses were carried out on PSEs 




Figure 7. Group mean proportion “comparison longer” responses and fitted 
sigmoid functions for the 120 ms standard duration condition of Experiment 2. 
The upper and lower panels show data before and after removal of trials with 
saccades, respectively. The dotted black vertical line demarcates the standard 
duration. All error bars represent the S.E.M (+/- 1). 
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Table 9. Group mean (standard deviation) PSE values (ms) at each eccentricity 
for the 120 ms standard duration condition of Experiment 2 
Stimulus Eccentricity 
Before “Saccade” Trials 
Removal 
After  “Saccade” Trials 
Removal 
3 degrees 121 (19) 121 (19) 
6 degrees 146 (16) 146 (17) 
9 degrees 162 (21) 162 (21) 
 
 DL and WF analysis. Group mean values for DL and WF across 
eccentricities are presented in Table 10. Repeated measures ANOVAs were 
conducted on the DL and WF measures. The effect of Stimulus Eccentricity on 
DL was significant, F(1.36, 14.94) = 5.39, p = .026, ηp
2
 = .33, power = .66. Post-
hoc comparisons revealed significantly larger DL values for the 6 and 9 degrees 
conditions as compared to the 3 degrees condition, t(11) = -4.04, p = .002, pc 
= .017 and t(11) = -2.84, p = .016, pc = .025, respectively. However, no 
significant difference was found between the 6 and the 9 degrees conditions, t(11) 
= -.76, p = .47, pc = .05. Finally, Stimulus Eccentricity did not affect WF, F(2, 
22) = .49,  p = .62, ηp
2
 = .04, power = .12. 
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Table 10. Group mean (standard deviation) DL and WF values at each 
eccentricity for the 120 ms standard duration condition of Experiment 2.  
Stimulus Eccentricity 
DL WF 
M (SD) M (SD) 
3 degrees 27 (9) .23 (.10) 
6 degrees 37 (9) .26 (.079) 
9 degrees 41 (17) .25 (.091) 
 
Microsaccades analysis. A repeated measures ANOVA showed no 
significant differences in the number of microsaccades produced across 
eccentricities, F(1.11, 12.18) = 1.20, p = .30, ηp
2
 = .098, power = .18. 
170 ms Standard Duration. 
 PSE analysis. Figure 8 illustrates the mean proportion of ‘comparison 
longer’ classifications across participants before and after “saccade” trial 
omission. Similar trends – rightward shift of the fitted sigmoid curves and greater 
PSE values (illustrated in Table 11) with greater eccentricities – were observed 
for data before and after trial omission. A One-way repeated measures ANOVA 
revealed a significant effect of Stimulus Eccentricity on the PSE derived from 
data after saccade trial omission, F(2, 22) = 8.67,  p = .002, ηp
2
 = .44, power = .95. 
PSE values were significantly larger in the 6 and 9 degrees conditions as 
compared to the 3 degrees condition, t(11) = -3.33, p = .007, pc = .025, and t(11) 
= -3.37, p = .006, pc = .017, respectively. However, no significant differences 
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were found between the 6 and 9 degrees conditions, t(11) = -1.59, p = .141, pc 
= .05. The same results were obtained when PSEs derived from data without 




Figure 8. Group mean proportion “comparison longer” responses and fitted 
sigmoid functions for the 170 ms standard duration condition of Experiment 2. 
The upper and lower panels show data before and after removal of trials with 
saccades, respectively. The dotted black vertical line demarcates the standard 
duration. All error bars represent the S.E.M (+/- 1). 
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Table 11. Group mean (standard deviation) PSE values (ms) at each eccentricity 
for the 170 ms standard duration condition of Experiment 2. 
Stimulus Eccentricity 
Before “Saccade” Trials 
Removal 
After  “Saccade” Trials 
Removal 
3 degrees 172 (27) 172 (28) 
6 degrees 192 (31) 189 (30) 
9 degrees 200 (22) 199 (22) 
 
 DL and WF analysis. One-way repeated measures ANOVA failed to 
reveal a significant effect of Stimulus Eccentricity on either DL or WF, F(2, 22) 
= .72,  p = .50, ηp
2
 = .062, power = .16, and F(2, 22) = 1.96,  p = .16, ηp
2
 = .15, 
power = .36, respectively. Table 12 summarizes the group mean DL and WF 
values. 
Table 12. Group mean (standard deviation) DL and WF values at each 
eccentricity for the 170 ms standard duration condition of Experiment 2.  
Stimulus Eccentricity 
DL WF 
M (SD) M (SD) 
3 degrees 41 (15) .24 (.068) 
6 degrees 46 (26) .23 (.099) 




Microsaccades analysis. A repeated measures ANOVA revealed a 
significant effect of Stimulus Eccentricity on the number of microsaccades 
produced, F(2, 22) = 4.19, p = .029, ηp
2
 = .28, power = .67. However, after 
correcting for multiple comparisons the follow-up tests showed no significant 
difference in the number of microsaccades produced between the 3 degrees and 6 
degrees conditions, t(11) = 2.76, p = .019, αpc = .017, the 6 degrees and 9 degrees 
conditions, t(11) = -2.35, p = .039, αpc = .025, as well as the 3 degrees and 9 
degrees conditions, t(11) = .36, p = .72, αpc = .05.  
 210 ms Standard Duration. 
 PSE analysis. Figure 9 illustrates the group mean proportion of trials at 
each comparison stimulus classified as ‘comparison longer’ before and after 
omission of trials with saccades. Across eccentricities, the fitted response 
functions overlapped. In addition, the PSEs were similar regardless of whether 
derived from data before or after “saccade” trials removal (Table 13). A One-way 
repeated measures ANOVA failed to reveal a significant effect of Stimulus 
Eccentricity on PSE, F(2, 22) = .80,  p = .46, ηp
2
 = .068, power = .17, as did a 




Figure 9. Group mean proportion “comparison longer” responses and fitted 
sigmoid functions for the 210 ms standard duration condition of Experiment 2. 
The upper and lower panels show data before and after removal of trials with 
saccades, respectively. The dotted black vertical line demarcates the standard 
duration. All error bars represent the S.E.M (+/- 1). 
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Table 13. Group mean (standard deviation) PSE values (ms) at each eccentricity 
for the 210 ms standard duration condition of Experiment 2. 
Stimulus Eccentricity 
Before “Saccade” Trials 
Removal 
After  “Saccade” Trials 
Removal 
3 degrees 204 (36) 205 (35) 
6 degrees 214 (25) 212 (25) 
9 degrees 212 (23) 211 (25) 
 
 DL and WF analysis. One way repeated measures ANOVAs failed to 
reveal a significant effect of Stimulus Eccentricity on either DL or WF, F(2, 22) 
= .52,  p = .60, ηp
2
 = .045, power = .13, and F(2, 22) = .90,  p = .42, ηp
2
 = .075, 
power = .18, respectively. Table 14 summarizes the group mean DL and WF 
values for each eccentricity.  
Table 14. Group mean (standard deviation) DL and WF values at each 
eccentricity for the 210 ms standard duration condition of Experiment 2. 
Stimulus Eccentricity 
DL WF 
M (SD) M (SD) 
3 degrees 49 (28) .24 (.15) 
6 degrees 43 (20) .20 (.088) 




Microsaccades analysis. A repeated measures ANOVA revealed no 
significant effect of Stimulus Eccentricity on the number of microsaccades 
produced, F(2, 22) = 1.51, p = .24, ηp
2
 = .12, power = .29. 
Comparison across standard durations. 
WF analysis. Figure 10 illustrates the group mean WF for each standard 
duration condition by eccentricity. For the 3 degrees stimulus eccentricity 
condition, relatively consistent WF values were observed. For the 6 degrees 
stimulus eccentricity condition, WF values decreased with increasing standard 
duration, whereas for the 9 degrees stimulus eccentricity condition, a decrease in 
WF value was seen from 120 ms to 170 ms, but no further change to 210 ms. 
Three one-way between subjects ANOVAs were conducted to compare WF 
values at each eccentricity across the three standard durations i.e., 120 ms, 170 ms 
and 210 ms. The effect of Standard Duration on WF was not statistically 
significant for any stimulus eccentricity, F(2, 33) = .037, p = .96, ηp
2
 = .002, 
power = .055; F(2, 33) = 1.38, p = .27, ηp
2
 = .077, power = .28, and F(2, 33) = 
1.91, p = .16, ηp
2





Figure 10. Group mean WF values for each Standard Duration by Stimulus  
Eccentricity condition when stimuli were presented along the vertical meridian. 
Error bars represent S.E.M (+/- 1). 
 
Microsaccades analysis. The normalized number of microsaccades 
produced during the Comparison time windows was regressed on PSEs obtained 
from all standard duration conditions separately for each eccentricity. Regression 
analyses revealed no significant relationship between the number of 
microsaccades produced and subjective duration at the 3 degrees, 6 degrees and 9 
degrees conditions, β = .31, R2 = .098, F(1, 34) = 3.70, p = .063, power = .34; β 
= .21, R
2
 = .045, F(1, 34) = 1.61, p = .21, power = .17 and β = .052, R2 = .003, F(1, 
34) = .092, p = .76, power = .049, respectively. 
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 Comparisonof PSEs across Experiments 1 and 2. 
 Three Two-way mixed ANOVAs were conducted to compare eccentricity 
effect on PSEs obtained for the same standard duration across Experiments 1 and 
2. No significant difference in PSEs across eccentricities was found between 
Experiment 1 and 2 when standard duration was 120 ms, 170 ms and 210 ms, 
F(1.29, 28.45) = .38, p = .60, ηp
2
 = .017, power = .096; F(1.40, 30.85) = .75, p 
= .44, ηp
2
 = .033, power = .15 and F(1.40, 30.88) = 2.89, p = .087, ηp
2
 = .12, 
power = .44, respectively. Table 15 summarizes the main PSE results obtained in 




Table 15. Differences in PSEs across eccentricities for each standard duration 
when stimuli were presented along the horizontal (Experiment 1) and vertical 
























120 ms       
Exp. 1 33 .002 17 .003 16 .005 
Exp. 2 41 .001 25 .004 16 .010 
170 ms       
Exp. 1 14 n.s. 15 n.s. -1 n.s. 
Exp. 2 27 .006 17 .007 10 .141 
210 ms       
Exp. 1 44 .055 12 .39 32 .016 
Exp. 2 6 n.s. 7 n.s. -1 n.s. 
 
Discussion 
In Experiment 2, we extended the experimental paradigm used in 
Experiment 1 to the vertical meridian for the same standard durations (i.e., 120 ms, 
170 ms and 210 ms). Examination of the fitted response functions derived from 
data before and after trial omission across all standard durations showed similar 
trends, indicating that saccades did not drive the distortion in perceived time. 
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For the 120 ms condition, we found significant eccentricity effects on the 
PSE. PSE values were largest for the 9 degrees condition, followed by the 6 
degrees condition, and then by the 3 degrees condition. For the 170 ms condition, 
we found significant differences in PSEs only between certain eccentricity pairs. 
Specifically, a significantly larger PSE was found in both the 6 degrees and 9 
degrees eccentricity conditions relative to the 3 degrees eccentricity condition. 
However, there were no differences between the 6 and 9 degrees eccentricity 
conditions. For the 210 ms condition, we observed no significant differences 
across eccentricities for PSEs. Overall, the trends in the PSEs in Experiment 2 
were rather similar to those obtained in Experiment 1. 
Significantly larger DL values were observed for the 6 and 9 degrees 
conditions relative to the 3 degrees condition when the Standard Duration was 
120 ms. Smaller DL values imply higher temporal sensitivity. Hence, participants 
showed higher temporal sensitivity when stimuli were presented closer to the 
point of fixation. Interestingly, no such effects of eccentricity on DLs were found 
with longer standard durations (i.e., 170 ms and 210 ms). Moreover, we did not 
find any significant differences when WF measures were compared across 
eccentricities and standard durations. The latter result reflects comparable timing 
variability when the influence of increasing variation with increasing duration (i.e., 
Weber’s Law for time) is taken into account.  
When microsaccades were compared across eccentricities, we failed to 
find any significant effect of Stimulus Eccentricity on the number of 
microsaccades produced for 120 ms, 170 ms and 210 ms. Furthermore, there was 
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also no significant relationship between number of microsaccades and perceived 
subjective duration for 3, 6 and 9 degrees eccentricities. This suggests that 
microsaccades do not affect perceived duration.  
Finally, we compared the eccentricity effect on PSE between Experiment 
1 and Experiment 2 for each standard duration. Across all standard durations, we 
failed to find any significant interaction between stimulus eccentricity and the 
stimulus presentation meridian. 
 Taken together, there are two main conclusions that can be drawn from the 
results obtained in Experiment 2. 
First, when stimuli were presented in the vertical meridian with 120 ms 
standard duration, we observed an effect of stimulus eccentricity on perceived 
duration that had the same trend as when stimuli were presented in the horizontal 
meridian. This is a critical finding as it provides evidence that at durations of 
around 120 ms, the time distortions observed as eccentricity increases are not 
restricted to specific meridians or dimensions. Similar to the eccentricity effect 
that was observed in the horizontal meridian, the eccentricity effect observed in 
the vertical meridian may be due to spatial attention. Decreases in spatial attention 
as one moved towards the periphery have also been observed along the vertical 
meridian (Miller, 1991; Steinman, Steinman and Lehkuhle, 1995; Goolkasian, 
1999). A decrease in spatial attention may have caused the eccentricity effect seen 
in the present experiment. Similar to the interpretations offered for Experiment 1, 
we can also interpret the eccentricity effect observed in the present experiment in 
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the same way with the pacemaker-accumulator model and the SBF model. 
However, as we increased the standard duration to 170 ms and 210 ms, similar to 
Experiment 1, we observed that the eccentricity effect on perceived duration 
either went away or became unstable with the increase. As with Experiment 1, it 
is possible that longer standard durations lead to better deployment of covert 
attention. As such, effects of eccentricity on perceived duration are less 
pronounced.  
 Secondly, regardless of the meridian in which stimuli were presented 
along, statistical analyses did not reveal any differences in the trend of PSEs 
across eccentricities. Upon examining the ganglion cell density in the human 
retina along the horizontal and vertical meridians, Curcio and Allen (1990) found 
some differences of cell density and hence, it was predicted that the meridian 
along which stimuli were presented along would interact with stimulus 
eccentricity to affect perceived time. However, our findings went against what we 
initially hypothesized. One explanation for this lack of significant results could be 
that ganglion cell density between the horizontal and vertical meridian was not 
different to the extent that it would result in varying magnitude of distortion in 
time.  
 In conclusion, Experiment 2 demonstrated that the eccentricity effect on 
perceived stimuli is independent of the meridian where stimuli were presented. 
However, we observed a significant interaction between Standard Duration and 
Stimulus Eccentricity. Specifically, the eccentricity effect failed to manifest with 




The present study investigated how visual field location of the stimulus 
could influence perceived time by presenting stimuli along both the horizontal 
and vertical meridians. Multiple standard durations were used to investigate 
whether the effect of eccentricity on perceived time is proportional to the duration 
being timed or an absolute amount. For both the horizontal and vertical meridian, 
neither an increasing nor a constant amount of distortion in perceived time was 
observed across multiple standard durations. In fact, insignificant effects of 
eccentricity were found in both meridians, albeit for different sets of standard 
duration conditions, when longer standard durations (i.e., 170 ms and 210 ms) 
were used. Indeed, in Experiment 1, we did not observe any differences in PSEs 
for the 170 ms Standard Duration across eccentricities. For the 210 ms condition, 
we only observed a difference in PSE between the 6 degrees and 9 degrees 
eccentricity conditions. In Experiment 2, we found some significant differences in 
PSEs between certain eccentricities for the 170 ms condition whereas the 
eccentricity effect on perceived time completely disappeared for the 210 ms 
condition.  
In general, for both Experiment 1 and 2, we observed a trend where the 
eccentricity effect became more unstable with increased standard durations. This 
indicates that stimulus eccentricity may exert an absolute effect on perceived 
duration, wherein its magnitude is probably small and constant. Various 
researches have provided evidence demonstrating the lengthening effect of 
attention, both overt and covert, on perceived duration (Mattes and Ulrich, 1998; 
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Enns et al., 1999; Seifried and Ulrich, 2011; Yeshurun and Maron, 2008). Covert 
attentional resources could accrue with longer durations (Kinchla, 1992; Egeth 
and Yantis, 1997). As such, it is entirely possible that the use of longer durations 
here (i.e., the 170 ms and 210 ms conditions) enhanced covert attention 
deployment, possibly resulting in lengthening of perceived duration, which 
compensated for the shortening effect of eccentricity on perceived duration. On 
the other hand, if the eccentricity effect was indeed absolute, there also exists the 
possibility that this absolute effect would be harder to detect when longer 
durations were used. Therefore, a correspondent increase in stimulus 
eccentricities might be needed for the longer durations so that we can observe the 
same extent of distortion as in shorter durations. In order to elucidate findings 
within the present experiment, it might be useful to examine how subjective 
duration would vary when stimulus eccentricities of more than 9 degrees were 
used for longer standard duration conditions. In addition, we could also extend the 
following study to other stimulus durations in between 120 ms and 170 ms to get 
clearer ideas of the reasons underlying the lack of effect when longer durations 
are used.  
On another note, power analysis also revealed that certain statistical 
analyses had an observed power that was less than the recommended .80 level 
(Cohen, 1988). Hence, caution in interpreting these effects is necessary.  
In conclusion, the present study showed that the effects of eccentricity on 
perceived time are modulated by stimulus duration and the visual field where 
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stimuli are presented. Differential distribution of ganglion cells across the retina 
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Appendix A. Adjusted R
2
 (correct to 3 d.p) for individual participants in the 




3 degrees 6 degrees 9 degrees 
501 0.993 0.983 0.994 
503 0.991 0.977 0.998 
504 0.900 0.995 0.997 
3 0.994 0.997 0.987 
4 0.988 0.993 0.983 
5 0.965 0.997 0.995 
6 0.998 0.988 0.995 
7 0.992 0.999 0.977 
8 0.922 0.979 0.993 
9 0.700 0.919 0.974 
15 0.990 0.998 1.000 
16 0.997 0.990 0.981 
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Appendix B. Adjusted R
2
 (correct to 3 d.p) for individual participants in the 




3 degrees 6 degrees 9 degrees 
101 0.999 0.987 0.995 
104 0.985 0.965 0.989 
105 0.999 0.993 1.000 
106 0.977 0.995 0.978 
107 0.997 0.990 0.991 
108 0.999 0.997 0.977 
109 0.995 0.996 0.993 
111 0.910 0.991 0.993 
112 0.999 0.978 0.987 
113 0.980 0.989 0.985 
115 0.963 0.943 0.987 




Appendix C. Adjusted R
2
 (correct to 3 d.p) for individual participants in the 




3 degrees 6 degrees 9 degrees 
201 0.996 0.999 0.999 
203 0.984 0.998 0.986 
204 0.976 0.990 0.981 
205 0.978 0.989 0.973 
206 0.990 0.984 0.999 
208 0.998 0.995 0.992 
209 0.995 0.996 0.939 
210 0.975 0.988 0.998 
211 0.931 0.981 0.984 
212 1.000 0.993 0.979 
214 0.956 0.900 0.947 





Appendix D. Adjusted R
2
 (correct to 3 d.p) for individual participants in the 




3 degrees 6 degrees 9 degrees 
53 0.907 0.959 0.891 
54 0.885 0.987 0.996 
55 0.979 0.930 0.992 
56 0.988 0.993 0.967 
58 0.999 0.998 1.000 
60 0.993 0.990 0.968 
61 0.992 0.994 0.993 
62 0.998 0.974 0.986 
64 0.989 0.985 0.990 
65 1.000 0.997 0.998 
67 1.000 0.995 0.999 




Appendix E. Adjusted R
2
 (correct to 3 d.p) for individual participants in the 




3 degrees 6 degrees 9 degrees 
151 0.998 0.977 0.999 
152 0.963 0.996 0.987 
155 0.944 0.997 0.999 
157 0.966 0.986 0.977 
158 0.990 0.977 0.977 
159 0.999 0.996 1.000 
160 0.982 0.986 0.996 
161 0.912 0.992 0.995 
162 0.986 0.986 0.995 
163 0.985 0.936 0.999 
165 0.962 0.995 0.951 




Appendix F. Adjusted R
2
 (correct to 3 d.p) for individual participants in the 




3 degrees 6 degrees 9 degrees 
251 0.988 0.999 0.998 
253 0.996 0.994 0.996 
254 0.994 0.992 0.993 
256 0.932 0.996 0.939 
257 0.993 0.997 0.998 
258 0.927 0.999 0.987 
259 0.915 0.990 0.983 
260 0.970 0.990 0.990 
261 0.969 0.985 0.896 
262 0.999 0.985 1.000 
263 0.986 0.897 0.912 





Appendix G. Mean Number of Microsaccades produced for each Standard 
Duration by Stimulus Eccentricity by Comparison Duration Condition 






Appendix H. Mean Number of Microsaccades produced for each Standard 
Duration by Stimulus Eccentricity by Comparison Duration Condition 






Appendix I. Normalized number of microsaccades produced across 





Appendix J. Mean Number of Microsaccades produced for each Standard 
Duration by Stimulus Eccentricity by Comparison Duration Condition 






Appendix K. Mean Number of Microsaccades produced for each Standard 
Duration by Stimulus Eccentricity by Comparison Duration Condition 






Appendix L. Normalized number of microsaccades produced across 
eccentricities for each standard duration condition of Experiment 2 
 
 
